A finite ground coplanar waveguide ͑FG-CPW͒ on lithium niobate ͑LiNbO 3 ͒ substrates, without a thin SiO 2 buffer layer, was experimentally characterized by using on-wafer measurements. The dielectric constant and the characteristic impedance were extracted from calibrated measurements made at up to 20 GHz using the FG-CPW method. The loss tangent was then obtained by the conformal mapping approach after the dielectric constant and characteristic impedance had been accurately extracted. The dielectric losses of LiNbO 3 substrates are not negligible even in the X band.
I. INTRODUCTION
LiNbO 3 crystal having a ferroelectric behavior was reported by Mathias and Remeika 1 and later confirmed by Nassau et al. 2 LiNbO 3 has an unusually high Curie temperature of approximately 1210°C, which is very close to its melting temperature, 1260°C. 3 Its excellent electro-optic and piezoelectric properties have led to considerable interest in singlecrystalline LiNbO 3 . [4] [5] [6] LiNbO 3 crystals are mostly used in optical communications. The optical modulator is an important component, which transforms a high-speed data stream into amplitude-modulated sidebands at around 1.3-1.55 m wavelength optical carrier to develop ultrawide bandwidth optical systems. These systems need the integration of optical and millimeter-wave components into a single package. This inevitably requires a hybrid approach based either on various optical and microwave substrates, which can be integrated into a single package or on a microwave-optic substrate. A possible candidate for such a microwave-optic substrate is the LiNbO 3 crystal. The benefits of using LiNbO 3 in optical applications are their very low optical loss, a large electro-optic coefficient, a high transition temperature, and the availability of a mature technology for crystal growth, characterization, and fabrication. 4 Coplanar waveguides ͑CPWs͒ are commonly employed as microwave electrodes on electro-optic substrates of LiNbO 3 in amplitude and phase electro-optical modulators. 7, 8 The dielectric characteristics of LiNbO 3 have been investigated in various frequency ranges, [4] [5] [6] [7] [8] with a thin layer of low-epsilon dielectric ͑such as silicon oxide, SiO 2 ͒ typically deposited on the LiNbO 3 substrate and the thickness of the sputtered electrodes increased by electroplating ͑typically to 15 m͒ to achieve synchronous coupling between the microwave and optical signals. 7, 8 Studies have attributed the majority of the loss of CPWs to the SiO 2 , and estimated dielectric losses in the LiNbO 3 substrate to be negligible as compared to those in the oxide layer. However, other results 8 indicate that some researches underestimate the dielectric loss associated with LiNbO 3 itself. Additionally, a microwave coupling filter could be fabricated on a piezoelectric LiNbO 3 substrate and had a passband with low insertion loss of 1.7 dB. 9 Therefore, accurately measuring loss characteristics to predict the microwave performance of the LiNbO 3 crystal as a microwave substrate is clearly important.
In this investigation, a finite ground coplanar waveguide ͑FG-CPW͒ on a LiNbO 3 crystal as a microwave substrate, without oxide coating, was manufactured and characterized. The FG-CPW had an electrode thickness ͑t͒ of approximately 2 m, a linewidth ͑S͒ of 60 m, and a line-to-ground spacing ͑W͒ from 10 to 100 m, as shown in Fig. 1 . If c exceeds three times the distance b, then the FG-CPW can be regarded as CPW, 10 so the finite ground width W g is 80 m. The purposes of this investigation are to develop an on-wafer procedure to extract the dielectric characteristics of microwave substrates and to give a clearer insight into the loss behavior of the LiNbO 3 crystal as a possible candidate for developing a microwave substrate near the X band. Very accurate on-wafer measurements are made by the FG-CPW procedure to extract the effective dielectric constant, the dielectric constant, and the attenuation of the LiNbO 3 crystal from the complex propagation constant.
II. EXPERIMENT DETAILS
The LiNbO 3 crystals were grown using the Czochralski ͑Cz͒ method and poled along the Y axis from Teraxtal Tech-nology, Inc., 11 which were grades for surface-acoustic-wave ͑SAW͒ use. A FG-CPW structure is manufactured on a 500-m-thick LiNbO 3 substrate, as presented in Fig. 1͑a͒ , where the tapered transitions are omitted because the center signal metal ͑60 m͒ suffices to fit the pitch of available on-wafer probes. The 2-m-thin Al microwave electrode is sputtered and patterned. The line geometry was measured through optical microscopy to estimate the actual dimensions, as shown in Fig. 1͑b͒ . To avoid conductor loss from rough electrode patterning, the line surface roughness was controlled less than 2 nm, as observed by atomic-force microscopy ͑AFM͒ using a Quesant microscope. Additionally, to prevent the variation of the characteristic impedance from an inaccurate linewidth, the vertical lateral sides of the electrodes were obtained by ionic coupling plasma ͑ICP͒ ͑Ox-ford Plasmalab System 100͒. The processing parameters comprised of an etching rate of 300 nm/ min in a 5 mbar helium atmosphere at ICP power of 600 W, and the inlet gases were HBr and Cl 2 with gas flow rates of 10 and 20 sccm ͑sccm denotes cubic centimeter per minute at STP͒, respectively.
The FG-CPW was experimentally characterized by making on-wafer measurements at up to 20 GHz. A standard full short-open-load-thru ͑SOLT͒ calibration is used. In the past, the effective dielectric constant eff was extracted using the phase of transmission coefficient S 21 in CPW, 12 ͉ S 21 ͉ =2 ͱ eff fL / c ͑degree͒, where f is the frequency, c is the velocity of light, and L is the length of the FG-CPW line ͑2000 m͒. However, only one parameter S 21 would cause large errors in extracting an effective dielectric constant eff . Instead of the above method, in this investigation, the complex propagation constant ␥͑f͒ = ␣͑f͒ + j␤͑f͒ is derived from the transmission matrix ͑also named as the ABCD matrix͒ transformed from the four measured scattering parameters ͑also named as S parameters͒ of tested structures, which were measured using a vector network analyzer. The conversions from two-port network parameters to the transmission matrix can be given below:
where ␣ is the line attenuation and ␤ is related to the phase of the eigenvalues, 13 as follows:
where A and D are typical elements in the ABCD matrix. 10 The effective dielectric constant eff ͑f͒ is extracted from the phase according to Eq. ͑3͒. The effective dielectric constant eff ͑f͒ seems independent of frequency, being 15± 1, over the measured frequency range, as shown in Fig. 2͑a͒ . The equivalent isotropic relative dielectric constant of the LiNbO 3 crystal r ͑f͒ = ͱ 11 33 ͓Eq. ͑63͒ of Ref. 13͔ and the characteristic impedance Z 0 ͑f͒ as a function of frequency are extracted from the effective dielectric constant eff ͑f͒ in conformal mapping, 10 as follows: where
,
K͑k͒ and K͑kЈ͒ are the complete elliptical integral of the first kind and its complement, respectively, and h is the thickness of the LiNbO 3 substrate. Accurate expressions for the ratio K͑k͒ / K͑kЈ͒ are available, 10 as follows:
͑7͒
Therefore, the extracted dielectric constant r is 30± 1 and the characteristic impedance Z 0 is 22 ⍀ over the measured frequency range, as shown in Fig. 2͑b͒ . The errors in the determination of the Z 0 may come from the wrong hypothesis of the proposed method or the inaccurate linewidth. The conformal mapping method is based on the quasitransverse electromagnetic ͑TEM͒ approximation. If the quasi-TEM approximation is broken, the effective dielectric constant eff ͑f͒ should show an obvious frequency dispersion. Because this does not happen in the present study, we assume that the quasi-TEM analysis is adequate in the frequency range of interest. Thus, the first term can be ignored. The main error source in the determination of the Z 0 may be the inaccurate linewidth, while the error has been controlled less than 1% in the present study by the accurate fabrication process.
Interestingly, the effective dielectric constant is a function of the CPW aspect ratio ͓AR= S / ͑S +2W͔͒, whereas the observed variation in dielectric constant is less than 3% for AR values between 0.75 and 0.23. For AR values of 0.75 and 0.23 with corresponding line dimensions ͑S-W-W g ͒ of 60-10-80 and 60-100-260 m, respectively, extracted impedances are 22 and 43 ⍀, with effective dielectric constants of 15 and 15.2, respectively. The results demonstrate that the effective dielectric constant depends weakly on the characteristic impedance. Therefore, the proposed CPW method can be applied to characterize rapidly and accurately microwave substrates with unknown dielectric constants. 14 Microwave loss properties were measured at up to 20 GHz using a vector network analyzer ͑HP8510C͒ to understand the loss issue quantitatively. The total attenuation loss ␣ t of the CPW line is also determined from the eigenvalues of the ABCD matrix of the tested structure ͓as shown in Eq. ͑2͔͒. The conductor loss ␣ c of the CPW line is determined by the extracted characteristic impedance Z 0 , the series distributed resistance in ohms per unit length of the center strip conductor R c , and the series distributed resistance in ohms per unit length of the ground plane R g .
10
␣ c = 8.686
where R c and R g are functions of the CPW geometry and the thickness of the metal ͑t͒. Conductor loss is assumed to be proportional to Af 1/2 , where A is a constant that depends on the quality of the Al and the exact CPW geometry. 10 Since the CPW line is in a straight section without the bends and tapered transitions, the radiation losses in the total loss are ignored in the calculation. The loss of FG-CPW is the sum of the conductor loss ␣ c and the dielectric loss ␣ d , so the dielectric loss ␣ d of the CPW line can be calculated according to Eq. ͑9͒, Figure 3 displays the measured total loss, the extracted conductor loss, and the dielectric loss as a function of the frequency of the FG-CPW structure on the LiNbO 3 substrate at AR= 0.75 ͑at a characteristic impedance of 22 ⍀͒. In another report, 8 the conductor loss dominated in the lower band, as is well known. It still accounts for a large fraction of the total loss up to the X band. However, below 10 GHz, this structure has a dielectric loss that is 0.1 dB/ mm greater than the conductor loss. Even above 12 GHz, the dielectric loss easily represents 20% of the total loss. This loss cannot be neglected in calculating the microwave bandwidth. where q is the filling factor of the substrate and is almost a constant around 0.5. The loss tangent is in the order of 0.1-0.01 below 12 GHz and then in the order of ͑1-5͒ ϫ 0.001 at over 12 GHz. The LiNbO 3 substrate can be regarded as a pure insulator ͑resistivity= 3 ϫ 10 8 ⍀ cm͒ 15 so the effect of the conductivity of the substrate on the dielectric loss is negligible. The loss tangents in most ferroelectrics increase with frequency when the dielectrics are subject to an external electric field. 12 Various intrinsic polarization mechanisms exist, including electronic polarization, dipole polarization, ion polarization, and macrodipole polarization, depending on the species of charged particles and the operating frequency. Another extrinsic polarization is caused by impurities and the polarization of inhomogeneous dielectrics. 16 Each polarization mechanism is associated with dielectric losses. The LiNbO 3 crystal used as a microwave substrate is single crystalline but not polycrystalline, so the polygrain boundaries do not cause a mismatch or thermal vibration. However, the loss tangents of the crystals herein below 12 GHz are reasonably large. The results suggest that the measured loss tangent is not governed by the same factors as the effective dielectric constant, which is independent of the characteristic impedance of CPW. Therefore, the procedure described above is used to elucidate the loss characteristic of FG-CPW with an AR of 0.23 ͑at a characteristic impedance of 43 ⍀͒, which is closer to 50 ⍀. The measured loss tangent values are 3 ϫ 0.001 at 2 GHz, 3 ϫ 0.001 at 4 GHz, 5.5ϫ 0.001 at 8 GHz, and 7 ϫ 0.001 at 16 GHz, more similar to the loss tangent ͑tan ␦͒ in Ref. 8 . Additionally, at low operating frequency, the electrode conduction loss dominates the total loss almost entirely and the loss tangent increases slightly with the operating frequency. The results suggest that the loss values are observed to depend strongly on extrinsic factors, such as the quality of the conductor, the quality of the used LiNbO 3 crystal, and the exact geometry of the coplanar waveguide. The last one seems to cause the loss variation considerably.
III. RESULTS AND DISCUSSION
To further verify the hypothesis of extrinsic factors, the electromagnetic analysis is performed using an IE3D electromagnetic simulator, 17 which provides a full-wave solution using integral equations and the method of moments ͑MoMs͒, to elucidate the effect of electromagnetic distribution on the loss characteristics for any particular waveguide design. The lowest TE mode in the CPW propagates in the z direction, and so is associated with an electric field along the x axis at the interface between the metal line and the LiNbO 3 substarte. Figure 4 plots the E-field distribution on the interface between the Al electrodes and LiNbO 3 with AR= 0.75 and 0.23 at 5 GHz. Clearly, at AR= 0.75, the impedance mismatch associated with the CPW line causes more electromagnetic waves to penetrate into the substrate and the dielectric loss to increase with frequency from 1 to 10 GHz.
It is noted that the proposed method would limit the spacing between the coplanar ground planes ͑b = W + S /2͒ to 150 m since the distance of pitch to pitch is also 150 m for providing the ground-signal-ground ͑GSG͒ contact of the coplanar probe. In addition, the proposed method is based on the assumption of conformal mapping on the CPW structure which has shown that the accuracy of the derived formulas is better than 1% for most of the applicable range of physical dimensions used in the microwave substrate, as reported by Bedair and Wolff. 18 From the maximum variation of linewidth of the conductor, the Z 0 may have the error less than 1%. The errors of conduction loss and dielectric loss from the deviation of Z 0 would be less than 1%, and thus the error of the calculated loss tangent is less than 2% in the present study. Hence, the proposed method is a simple and accurate method to extract dielectric properties of materials. The implications of the above data, as they pertain especially to a microwave substrate at the X band, are now discussed. An other investigation 8 has reported that at low operating frequency, the electrode conduction loss dominates, but as the operating frequency is increased, the dielectric loss increases and becomes important. However, our result shows that dielectric loss is related strongly with the exact geometry of the waveguide structure. Furthermore, Noguchi et al. 5 reported a larger dielectric loss of up to 110 GHz in experimental ridged CPWs, using a SiO 2 buffer layer between the metal electrodes and the LiNbO 3 substrate. They considered that the main part of this loss was related to SiO 2 . The results herein suggest that the contribution to the dielectric loss of the LiNbO 3 itself must be considered. The LiNbO 3 substrate generally has tan ␦ in the range of 0.001-0.01. The dielectric quality of the LiNbO 3 substrate ͑Q d =1/tan ␦͒ is between 100 and 1000, so this material also is suitable for microwave substrate applications. 19, 20 
IV. CONCLUSIONS
In summary, this investigation represents an attempt to measure precisely both the dielectric constant and the loss characteristics of LiNbO 3 crystals by FG-CPW transmission lines. The proposed CPW method can characterize rapidly and accurately the microwave substrates with unknown dielectric constants formerly. However, the loss values are observed to relate with extrinsic factors, such as the property design of characteristic impedance and exact geometry of the coplanar waveguide. The measured loss tangent values of LiNbO 3 substrates are 3 ϫ 0.001 at 2 GHz, 3 ϫ 0.001 at 4 GHz, 5.5ϫ 0.001 at 8 GHz, and 7 ϫ 0.001 at 16 GHz, which are not negligible even in the X band. For LiNbO 3 as a microwave substrate, the dielectric quality of the LiNbO 3 substrate ͑Q d =1/tan ␦͒ is between 100 and 1000, so this material is also appropriate.
